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SUMMARY

Alir pover is an effective means of interdicting an enemy’s
rall system, and such usage is a logical and important misslon
for this Arm.

As in many military operations, hovever, the success of inter-
diction depends largely on how complete, accwrate, and timely is
the commander's information, particulsrly concerning the effect of
his interdiction-program efforts on the enemy's capability to move
men and supplies. This information should be avallable at the
time the resulis are being schieved,

The nresent paper describes the fundmmentals of s mathod inten-
ded to help the specislist who is engaged in estimating railway cape-
oities, so that he might more »eadily accowplish this purpose and
thus assist the commsnder and hie staff with greater efficlency than
1s possible at present.

The ability to estimate with relstive accuracy the capacity of
single rallway lines is largely an art. Specilaliste in tkis field
have no authoritative text (insofar as the authors rre informed) to
guide their efforts, and very few individusls have either the experi-
ance or talent for this type of work. The authors sssume that this
Job will continue to be dong by the specialist,

It ig even more difficult and time-consuming to evaluate the
capaclty of a railway network comprising o multitude of rsil lines

which have widely verying characterigtics, Fractices smong indivi.
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duals engeged in this fleld vury considerably, but all consume a
great deal of time. Most, If not all, specialisis sttack the proe
blem by viewing the railway network as an aggregute of through
lix;eu.

The suthors contend that the foregoing practice does not por-
tray the full flexibility of & large network, In particular it
tends to gloss over the fact that even if every one of a set of
independent through lines is made inoperative, there may axist
alternative routings which can still move the traffic.

This peper proposzes a method that departs from present prac-
tices in that it views the network as an aggregmte of ralilway
operating divisions.* All trackege capacities within the divi-
sion are appraised, and these appralsals form the basiec for esti-
wating the capability of railway operating diviasions to receive
trains from and concurrently pase trains to sach neighboring
division in 24-hour periods, The foregoing eppraisal (accom-
plished by the expert) is then used in the preparation of com-~
paratively simple work shects that will emable relatively inex-
yerlenced assistants to compute the results and thus help the
axpert to provide specific answers to the problems, based on
many ssswsptions, which may bo propoundsd €0 hiw,

The paper describes, In considerable detail, the organiza-
tion of large rallway systems; it points out thet thea operating

division is, wniversally, the basle railway operating unit.

k.3
Or systems (sse page 12},
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Pregent estimeting practices ave briefly deecribed, and the pro-
posed method is discussed in detail. It 1s then illustrated by
applyling it to the railway network of Western Russpie and her satel-
lites, and determiniug the Over-all capacity of that network under
gseveral specific metg of assumpticons made by the authors,

The appendix describes in detall how the work sheets can be

used in solving a specific problem,
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1. INTRODUCTION

PURPOSE OF THE PAPER

The purpose of this yaper 1s to present the fundamentals of
a method for evaluating railway network capacitieas,

It is not proposed thet the highly specialized individual
who estimetes track and network capacities should be replaced
by & novice with a caleulating wachine, Rather, it is accepted
that the evaluation of track capacities remains & task for ths
speclalist,

Such specialists are few in number and their knowledge has
been acquired through long experience. Their end product is
limited by the hwman factor, Long and arduous howrs of research
and computation are essantial before they can make estimates
vwhich are of valus,

This fact, however, 18 of smsll solace to the commander
dnd his staff who are faced with countless problems when plan-
nipg for or conducting an setive campaign, They want to know
the probable results of several plans of action and they cannot
wvalt for the specialist to compulte the details,

It therefore follows that s method that will assist the
specialist to furnish more rapid and equally accwrate estimates,
by utilizing the services of relatively untraired personnel in
computing results based on data he provides, should increase his
output. This in twn will ald the commmnder and his staff in

obvicus ways,

v v et =
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Specifically it is proposed to provide this specialist with
a method that will assist him to furnish the comsander and his
staff with timely estimates of results to be expected from each
of several alternative plans of attack on a rail net.

The method might also assist in evaluating, during the actual
vaging of a campeign, the effects of railvay interdiction.,* How-
ever, in this comnection it is fully recognized thn.t the diffi-
culties inherent in cbtsining, evalusting, and disseminating in-
telugence would limit the usefulness of the method in direct
proportion to the information placed at the &1@03&1 or the parti-

. cular specialiest concerned

PROPUSED METROD

Once the capacitics of individual pie@a@ of track of a rail
mtvork have been avalusted there renins the problem of evulua.ting
the over-all capebility of the network Moreover, it is ll_im
desirable to be able to umake this evalmtion Tapidly and for many
varying sets of Ag,umionu. For example, many different essump-
tions can be made about the sources of stt‘pplias and the destinations
fo which they might be sant, about the relative proportions of the
network which are available for militery as opposed to civilian
traffic, #nd about the reductions in cepabilities that might be

achieved by various plans of air attack or by other means,

3*
The term ''interdietion'' is used to mean the interruption
of railway movement by the use of any form of alr power,

1
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As far as the authors are awsre, no definite method has been
proposed for handling such problems. The present paper discusses
& method vhich consists essentially of three steps:

1. In ordar to reduce the problem to manageable slze, it

as an aggregate of operating divisions rather than

as an eggregate of lines, Jjunctione, or other elements.
Reasons will be advanced as to why this seems a realis-
tic procedure, fitting in with the actual organiza-
tional structure of the rail system.

2, Total train capacities betwsen each pair of adjoining
divisions are estimated,.

3. Any of several simple procedures (one is diséussed
briefly in an appendix to this paper and others ere
discuseed in the references) can then be applied
to estimate the maxismmm flow through the network and
to establish traffic patterns,

The authors vish to aveld making speecific assuagptions about

the possible importance of rail interdiction in any future Turopaan
war, es,2cially one vwhere thermonuclear weapons are used, The point
of view adeopted hers is that some types of wars have bsen envissged -
for example, wars with limitations on weapon types or tactics - where
land transport would be very important. In any such war in Burope
the raill network of Bastern Rurope would be an importasnt target. It
therefore appears reascnabls to illustrate the wethod by applyling it

to the Xastern European rall net.
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The method 18 not completely developed. It rsquires further
study to attempt to incorporate into its procedure a means by which
storage, terminal capacities, and short delays can ba more realis-
tically sssessed befors it can be considered as fully capable of
application to all situations. However, the authors believe thet;
even in its present form, the msthod adds to & better understanding
of the complicated Eastern Ewropean rail net, its capabilities, and
its vulnerable aress. (See Secs. IV and V,) It is hoped that its

circulation amng lnterested personnel will lead to improvements.

i, g, e T

b 3 ot PR o O

SRR e




SECRET
R~ 1573

10-24-55
-5

II. THE DSTIMATING OF RATLWAY CAPACITIES

The evaluation of both railway syatem and individual track
capacities i8, toc & ccenoiderable extent, an art, The suthors knov
of no tested methematical model or formla that includes all of the
varistions and imponderables that must be weighed.* Even vhen the
individual bas been closely agsoclated with the particular terri-
tory he is evaluating, the final answer, however accurate, is
largely one of judgment and experience.

The reason £or this condition can probably be best explained
by analyzing what the problem entails, Fo two rallway lines are
identical; hence the capeocity of a system can be evaluated only
after duwe considerstlon has been given to mimercus factors which
sffect 1its capecity. Among these fuctors, the following must be
evaluated to arrive at a reasonsbly sccurate astimste:

1. The physical charsacteristics of the territory in
vhich the system operates and the engineering skill
and the costs assumed in itm econstruction. Such an
estimate must consider primarily the system's gra-
dlents and the minlmum radil of iis curves.

2. The number of locomotives available, their tractive

capabilities, and their wechsnical con’itilon.
The numbors wnd location of terminals and passing

tracks, including the ability to review, inspect,

as Tormulsy have been proposed; and the situation may

e 1y g
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store, and Torward tralns,

The size, cepacity, amounhbs, avallability, and mecha-
feal condition of rolling stock,

Type of road bed construction and weight of rail.
The relative skill of personnel involved and labor

practices that affect operations,

Weather,

Operating facilities, incluwding water stands and
thelr capacitles; fueling facilities; type of fuel
usad snd its avallabllity,

Repair facilities for locomotives and rolling stock.

Communications.

Marshalling yards,

Given relluble dsta relative to the foregoing items, there are

quite a few individuals who are capable of estimating, with coumi-

derable scouracy, the nwiber of trains that a given system can move

under normml operating conditiona,

However, there is nothing ncrmel sbout war, Hence, evalunting

the capacities of a asystem while it is being subjected to bombardment

by air power will slways be a difficult undertaking, Additional con-

sideration mst be given to tha following:
1. The territorial extent of any system as a factor in

pasgive defense,
The sffect of the wesponas uszed,

The lexibility of operatlon, arising from the precence

of alternative lines, and the terminel capacities that
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limit operations. Cases will frequently arise

viiere the were cutting of a rail line will not stop
the wovement of trains one would expect. For exemple,
in the disgram which follows, A and B are connected
by two lines, one direct and onc via C, At first

c
10 0

A 20-—3% ~ B

glance it appears that 40 trains can be passed be-
tween A and B on the two lines, i the line AB is
eut at X ons might surmise the traffic would be cut
to 10 trains. Hovwever, it 1s also true thut the
terminals &t both A and B must surely be able to
hendle 40 trains pef day. Hence it may be entirely
practicable to pass in excess of 10 ¢reins between
A and B via C although it is highly improbable that
the entire 40 could be so moved., Perneps 15 to 18
trains could be moved over this route,
The ability to recover from the effects of damage
inflicted by militery operations, Such ability will_
depend on a number of factors, among vhich may be
listed the following:
2, The availability of the materiel and personnel
the ability of the personnel involved to sdopt

field expadients,

SECRET
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b, Terrain conformation et point of damage, with
pariicular attention to the feesibility of

effectively comstructing a bypass,

5, Interdiction of personmnsl, which inflicts casualties snd

interrupts repair vork.
6, 'Thae willingness of the personnel to waive operating
safety factors.

A resune of the foregoing factors will verify the contention
that the problem of estimtting track cepacities is subject to many
interpretations, The specialists engaged in this work, even vhen
provided with good basic data, atill face s formldable task; and,
vhat is mest important, the more complex the network being analyzed,
the mrre difficult the mission becomes.

However, the commander snd his staff face not only this task
but many more wbich must be considered at the mems time, if the
commnder is to get the most out of the means at his dispossl. He
therefore is entitled to receive rsasonably scourate and timely
snsvers regardiing results he has schieved by past actions, end
further to knovw what resultz he can expect to achieve by sach of
seversl alternative plans he may be considering,

The spscialist, given the tims, can supply answers comsensurate
with his &5ility; but there are not enough hours in the day for him
to supply timely answers to all the logieal guestions which cone
gtantly arise. The wroposed methoed is depigned to meet this need.

I% is believed that, given & few aldes who can add and subtract,

et e ascr =
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the proposed method will help the specialist fully to meet the

comeander's needs and to supply him with timely snswers.
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ITI. THR OENERAL CHARACTERISTICS OF RATLWAY CRCANIZATION

AND OPRRATING PRACTICES

Let us examine brisfly the gerneral charscteriztics of rallusy
organization and operating practices in order that vwe may visualize
& network in operation and understand in a very general way how it
functions, for this understanding is necessary in order to compre-
hend the proposed method,

The railway industry has been in existence for suffieclent time
to achieve considerable stabilization in both organization and opera-
ting technique, There are at least four reasons why the large na-
tionelly and privately owned and operated systems are similarly

organizaed on a functional basis and utilize somevhat similar opexr: -

ting procedure; these reazons are:

l. Many of the systems do not compete and have been
quite willing to exchange persomnnel and opersating
experience. For oxample, some of the Korth American
and British systems bave been doing thils Tor years.
This practice has resulted in the genersl udopiion
of better mathods, on a wide internmtional scale,
whon guch ideas have been applicable to local con-
ditions,

2. Some of the large systems supplement esch other and
form parte of larger continental systems in both

Europs and North America. Such belng the cass, the
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ttherne Gauge'' (& £t 2.5 in.) has been widely
adopted o Tacilitate the exchange of rolling
stock, theveby effecting more economical operations
by avoiding transfer costs nnd achieving a more
rapid movement of traffic. Such practice has in
turn led to considerable standardization of parts
to reduce spare-part inventories for foreign stock
and to expedlite repalrs,

3. Both the lsrge capital investment inherent:in the
industry, ond the essential aturdiness of eguipment,
have forced slow depreciation costs and a reluctance
on the part of mest managemsnt to scrap equipment,
even vhen it is over-aged.

k., fThe limited capagity of one man to auﬁerviae parson-
nel and operating details hss also been a factor, for
it has resulted in territorlsl organizations that are
limited as to elze and number of employees,

Thare are, also, factors which tend to meke for considerable
differences in operating technlque, particularly as between the
European and Americau systems, These Tactors are primarily economic,

The American systems &ro rolatively long-haul systems vhen cone

" trasted with the Buropean systems (excepting the USSR). This condi-

tion, couplad with the development of the netlons concerned at the
tims the linse were bulli; hss made For basic differences in equip-

ment, traffic density, and diswatching practice.
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The Burcpean systems were superimposed on & soclety that had,
t0 a large extent, reached a population satwration point, Hence
facilities were eramped in large clties beecause of the cost of
property. In addition, the economie precticss of these nations
leaned to short-term credilt and small business; therefore low
inventories were the rule and the merchants required rapid deli-
very of package frelght., Finally, labor costs wers very low.
vese conditions all contributed to small equipment, short hauls,
dense freight and passenger traffia, and relatlively low net tonnage
per train. In operating technique, ths Buropean system utilizes
mwiltiple trackage on most main lines end seldum resorts to centyres-
lized trafiic control amd train dispatchers., The use of manual
blilock signals 15 the ruls,

The Furcpean systems, being state owned, alec have a very
decided tentency to make their organizations (discussed later in
this chapter) more purely territorial in nature, rather than basing
them on mein (or irunk) lines, This 1s probably bacause no comps-
titlon exists between wain lines, <t 48 quite common for a divi-
sion (in Furope) to have under ite supsrvision two or more sagments
of trunk linss operating in the some geneorsl direstion,

North Americen railroeds, on the other hand, grew up with the
Middle West and to a consldersble exiont prescribed the development
of the West. Hemce long hauls, heavy squipment, and larzer net top-
neges por train are the rule. The econcmic prectices sre characierized

by long-term credit and lavge inventorier of comsumer goods and even

S RO S T

[IEIE Spap ‘




.,,,,,,
=
s
o4

RM=1573
10-24-59
-15-

of some heavy Industrial equipment. Much of the tracksge is single
track, and operations are characterized by centralized dispatching
and alectric block signale.

Tundamentally, however, both Bwropean and North Americen systems,
either state or privately owned and operated, follow the same organiza-
tional pattern and over-all opersating procedure in moving trains from
one location %o another, Organization ix Punctional and operation
follows generally along the lines of centralized conmtrol of equip-
ment and faeilities with full decentyralization of detailed operstions.
A general deseription follows.

1, GQeneral Offices: Thess offices operate the system as &

whole and are fully staffed to care for the several axecutive rae-
ponslbilities inherent in any corporstion or a&ctivity. The senior
officer (called variously the Chalrman of the Board, the President,
or the Director General) 1s responsible for, and has full authority
to supervise, all phases of the mectivities of the system. His
senior sassistants are charged with functional responsibility such
8 communications, motive pover, maintensnce of way, traffic, trans-
portation, and fizcal and legal matters, Ceutralized control of
facilities and ducentralizetion of operating details are the basie
principles obmerved,

2, Reglonal Cffices: Large organizations (such as the USSR,

French, Sente Fe, Pennsylvenia) ere divided inte regions which

cperate under the gansral offices. This is besause & gensral of-

a3

Tice camot efflciently handle wany operating subdivieions sueh

a8 the Pilty-tvo systems which comprise the USSR mallways, In such

[
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cases, the senior offlcial is generally termed elther a Vice
President, Geperal Manager, Ceneral Superintendent, or e Deputy
Director Ceneral., His staff crdinarily is sireamlined and quite
small, and primarily covers operating functions. Legal, fiscal,
and similar functions frequently are omitted, Regions consist
of from two to as high as six or aeven divisions,

(The recently announced reorganization of the Pennsylvania
Rallroad hag increased the reglonal offices froum three t0 nine
(for eighteen operating divisions), with increased authority
veing delegated to the aeverai reglons by the head office in
Philadelphia.(l7) The regional headguarters are novw organized
to correspond to the general office along functional lines,
Regions will in reslity operate as smaller rail systems, subject
to matters of general policy and the allotment of equipment by
the office of the President.)

3. Divisions (Systems - Districts): The Division is the
baslc rallvay operating unit., Its territory is frequently a
normsl engine-and-frelght-train crew run in several directicus.®
The senior official, who 18 generally celled & Superiuntendsnt,
has & compact staff responsible for, and with suthority to perxform,
the hagic and detaiied Pumctions incident to 21l phagas of rail
operations. For example, his master nmechanic is responsible for

the efficient operation of all repeixr facilities assigned to the

* The terms ''Crand Division,'' ''System,'’ and ''District?!
are often used to designate an operating echalon which exercises
control over several Treight divisions., The foregoivg terms are
conmidered interchangesble for the purposes of this atudy,

© e s i
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division for the mgintenance of Loth locomotives and rolling stock.
Simiiarly his roadmester is charged with waintenance of way; and
his trainmaster exercises detailed supervieion over all train move-
ment, normelly making the constant deciaions neceseary to adjust
and facilitate such movementa,

These personnel, operating in a glven territory, are intimately
familisar with the physical condition of the division, the effects of
a given type of irregular weather, and the multituds of details which ‘
affect the entire operation, They work in en atmosphere of constant
change. Long experience hes adjusted them to the unusual; adjustment
to compensate for operating irvegulmrities is very repid, almost autoe
mMatic, and in a sense routine. Superviscry persomnel, coming on shifts,
ere fully briefed by offgoing personnel as & metter of routine proce-
dure.

Division officials commmicate frequently with officials of ad-
Joining divisions and are currently informed on conditions throughout
that entire division which might affect their own operations. Trains
are passed from one division to another in the most orderly fashion
practicable, and adjustments irn schedules are made to conform to the
state of ‘conditions then existent, Theze matters are geverally handled
informally. When, as occasionally happens, divieion officisls communi-
cate to higher headquarters for help (edditiomal motive pover, wmore

CEZL

cars, etc.), they govern their stbgequent operstions according to dsci-

glons reudered by their superiors,
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Thus wve find +that the railway division is the hasic unit
around which the whole system operates. Here is where the detailed
vork is done; traivs are originmated, dispatched, and moved over
the system to their destination; equipment is serviced and repaired; !
tracks ere maintained; and many other details are bandled. Supsc—
imposed agancies concern themselves more with reinforeing divisional
efforts, shifting ssuipwant. erecting coordinstion, and metters of

policy.
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v, BSENT BSTIMATING PRACTICES AND PROPOSED HEW METHOD

ESTIMATION OF NETWORK CAPACITIES

The U.S. Army FM 101-10 (Staff Officers Field Msnual) (6) sets
forth, as a gort of rule of thumb for planning purposes, the capaci-
ties of single end double track lines, It liste these capacities as
10 and 30 trainz each way per dey in a theater of operations and sets
forth conditions that will affect these cspacities, These data are
derived from operating experience, primsrily in the Second World Wor
in Furope. Thay are adequate Tor the purpose for which they are
intended, snd are elac useful as an aild in evaluating the capacities
of entire rall nets.

This latter problem may be stated roughly as follows:

gi.w_r_gz_x_, a railvay network with known or estimnted capacities
for the individusl lines, with certsin locations designated
as sources or '‘origins'! of supplies and certain other
locations dasigneted as '‘'destinations,'!

Regquired, to establish a traffic pattern in the network
which will enable the maximum smount to be moved, on a sus-
tained bmgis, from the crigins to the destinations, and to

determine the value of this maximm,

PRECGENT PRCCEDURE
The authors do not know of any objsctive method that hus been

used to treat this problem fuily. PTraffic patterns in complex nst-
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vorks such as that shown in Fig. 1 usually grow up over a period
of yeays as the network grows, nnd adjustwents are made as needed,
In vartime, entirely new patierns may have to be established,
Cne practice that has been employed in estimating network
capacities 1s that of picking cut s maximal set of Independent
through lines {that is, any additional through line would have
0 coincide somewhere with ons of the set), Such a set is shown
in Fig. 2, Although it is gonerally customary to pick out only
main, or "ﬁmnk," linss in such a set (as was done in Pig. 2),
it would elso be possible to pick out through secondary lines;
_f' hewever, the large nuber of secondsry liues makes it aifficult
to pisk oub & maxiual set.
This procedure certainiy hes some value, but it likewise
appears to have limitations.
1. The sketch below shows that the through line procedure,
if applied literally, mey give incorrect snswers, The nwtber on

each segment represents capucity in trains each way per day.
e C 30

v
30 B,

\___‘y/ o E _

The lime ABCD by itself represents a maximal through-line system,
that can deliver 20 traing per day from A %0 D and return the
sams number. Allernatively, the two paths ACD and ABD combined

repragent 2 maximal get with o capacity of 20, However ; the

.
e

ey
¢

S

i

b s nme s i A A s




s

vy

RM-1573
SECRET 1573

N e
ROUMANIA EZ?"" -~ ; NG e

Fig. 1-~The railway system of western Russia

Drawn schematically in convential black aond white,
thic figure shows ol dines which make 9 the Jast
svatem aof western Ruscin {ac af 1G4R ¢
is made to portray singla ;:" mipitinle irazis, o io
distings sh between frunk, primary, or secondory
lines
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Fig.2—A combination of through railway lines in western Russia

Drawn in conventional black and white. Compare
with the netwcrk shown in Fig.! and note the
moteriol decrease in lines showi. in Fig. 2 only
trunk lines are shown
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actusl capacity from A to D is 4O treins per day, which can be
obtained by ssturating each seguent with traffic from A to D
in the direction indicated by ths arrow; and returning the same
number in the opposite direction,

This is not to say that any traffic man would go wrong on
such a simple example; it is merely to point up the need for
something beyond the ..teral through-line procedure, especially
in mora complicated situations.

2. As a conseguence of either sconomic or military needs,
or for mny other reason, origins and destinations may be located
in various perts of the network, and parts of the network may
have reduced capacities. In such gituaticons it is difficult %o
pick out meaningful sets ¢f through lines, or to establish yraf-
tic petterns guickly.

3. A drawback of the through-line procedure, from the point
of view of graphic portrayal of the capabilities of a rail pet,
is that every one of s set of through lines may be cut and traf-
fic may still flov by alternstive routings. For example, each
through line in Fig. 2 could be cut and traffic could still move
by altefﬁativg lines,

A possible alterpative procedure would be to apply mathematical
methods to work oui the exact network capacity from the capacities
of the individual lines, "This 1s theoretically possible by the

methods of Refs. 1-9, but is not practical for several reasons,

it s oty e b
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The calculation would be curbersomsj and; even if it could be
performed, sufficiently asceurate data could not be obtained to
Jugtify such detail. In fact, the very concept of *'capacity,'’
spplied to an individual segment of track, is vague, depending
a8 1t does on conditioms assumed about the facilities of the

purrounding network.

PROPOSED PROCEDURE

In the previous sectiom certain facts about basic railway
orgauization and operating procedures were discussed, leading
to the conclusion that the division is the basic operating unit

of a .ailway system. Therefore in essence it 1s proposed that

@E the problem be attacked by considering the rail network as an
aggrezate of divigions,.
The proposed method consists of three steps.

1. The rail net is sggregated into divisions.

2, Estimotes are made (preferably by a rail specialist)
of the number of trains each division can receive
from, and concurrently pess to, each of ite nelgh-
boring divisiona every 2h-howr period.

%. 'The over-all capebilities of the network to perform
various assigned tasks are then determined by use of
ona of saveral avaliable simple schemes of computation,

In the remalnder of the present sestion, cteps 1 and 2 will be

"
i

illustrated for the rril net of the western USSR and the satellite
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countries. The explanation of Step 5 is deferred to the Appendix,
but the results of applying the method to the above rail net, using

several alternative sets of assumptions, are given in Sac, V.

TLLUSTRATION OF THE METHOD (Steps 1 and 2)

Figure 3 shows the USSR rail net with the various operating
divisions* indicated in different colors. The source of the infor-
mation for this diagram is Ref. 18, dated 1949.%* gSimilar infor-
metion was not availsble for the satellite countries, but essump-
tions were made about divisional structure, consistent with what
wag Xnown of the rail systems of the various countries., These
agpumptions sre inccrporsted in Pig. 3, which is discussed below.

The interdivisional_cap&cities should be datermined by & rail
specialist who cen takeﬁ;“;trelevant factore into account, given
sufficlent informemtion., Lacking more spscific data, the authors
estlmated the total capacity between two divisions as the sum of
tha capacities of connecting lines. The estimates of line capaci-
ties were based on general informetion céntained in Refs. T~16,
modified in some instances by individual jJudgment, These estimates

met be regarded ag tentative, and pubject to revision when better

informetion becomes available. In the teblie below, capucilles are

* 5trictly speaking, the term ''system!' or ''district'' would
be more accurate here than *'division.''

Y8

"“ohis organization has been somewhat modified in 195 accor-
ding to information received by RAND after Figs. %, !, and % had
been printed. Since the modification does nol affect the method
?ropoaed,(gg}s paper has been published without revicing Plgs. 3,
b, and S0
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Fig. 3=—Schematic diagram of the railway
operating divisions of western Russia

This figure is o tracing of Figure | in so far ags the actual rail net is concerned
The several railway operating divisions, however, are shown in celors,

The outlined area, A,B,C, and D, is enlarged in Figure 4 to illustrate the
method of cumputing the number of trains each way per day which naighboring
divisions can concurrently pass ond receive.

Estimaiing the trock capacities stiil remains the task of cn sxpert,
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given in trains (&nd in tons) each way per day; ''net weight®'

refers to the net load per train,

APPROXTMATE CAPACTTTIRS USHD

Double Track Single Track Single Track]
Main Branch
In the USSR
Trains/day 20-30 8-12 8-12
Net welght 1000 tons 1000 250
Tons /day 20-%0,000 8-12,000 2-3,000
In Poland and E, Germany (for trains from Poland)

Trains/day 20-30 8-.12 812
Net weight 666 666 250
Tons/day 13-16,000 5-8,000 2-3,000

In Other Satellites and ¥, Germany

(for trains from Czechoslovekis)

Traine/day 2L-30 8-12 812
Weight koo koo 250
Tons /day 9,600 3,200-4,800 23,000

Figure 4 1llustrates how interdivisional cepacities were

obtained. Numbers on the lines themselves represent capacitiep

SECRET
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"in eguivalent 1000-ton {net) traine., Nuabers in the bluck boxes

vepraessnt total interdivisional capacities, obiained by adding
the capacities of the individual lines between the divisions.

AB o example, Browa can recelive from, and pass Lo, Green
86 total of Ul trains eich way per dey: 24 on the double-track
iine in the nowth, 8 on the single-trick line below, 2 on the
single-track line below that, and 10 on the single-track line
at the bottom. Note +that the limiting fuctor is sometimes
Bro;n*s capacity, sometimes Green'c,

Figure 5 shows the result of applying the above method to
the entire network under consideration. Interdivisional capaci-
ties, in tralns each way per day, are shown in boxes.* Figure 5

erves as a basis for carrying out network capacity studies, x»

Figure 6 is & work sheet, with cepncities omitted so that
any deslred values may be substituted, to allow for changes in
estimates, or changes in actual capacities in the network., 1In
practice it 1s'convenient to reduce all capacities to thowsands
of tons each way per day, ané this is done in the examples shown

in Seec. V.

DISCUSSION

The use of oparating divisions as the basic unite in treating

" Net train loads sre different in different countries, us
explained at the foot of Fig. 5; hence, in vorkipg examples, it is
more convenient to reduce all copaclties to thousands of tons per
doy, a8 ig done in the examples worksd out in Sec. V.

g . .
As wenitioned In Hec, ¥, 1t ip possible to introduce locowntive
axd FOlling #00CR requlrsments explicitly into the mudel.
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Fig. 4 — Interdivisional train capacity computing

This figure illustrates the method of computing the number of
trains eaoch way per day which neighboring divisions can con-
currently pass and receive.

The individual track capacities are estimated by an expert.
Capacities shown in parenthesis are for secondary lines where
net tonnages per train ore very low, but for convenience

all capoacities are in 1000—ton trains. The numbers shown

in boxes are total interdivisional capacities
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chosen units coinclde with the basic comirel centers of the system;
should there be need to eptablish tralffic patterns in the particular
net under consideration, they would most probably be set up by ad-
Justments made at the dlvisional level, On the othey hand, in choos-
ing the division as a basic unit, the number of elements of the prob-
lem is kept within bounds, and computntions can readily be carried
out,

Another consideration is that the capaclty of 2 rail systenm
depends on more than Just individual track cepacities. Cuch factors
as yard and terminal capacities, locomotive and rolling stock aveila-
bility, etc., need to be cpnsidered. These factors are largely
determined by the capabllity of the division as o vwhole, and do
not belong o any particular line. They would recelve considers-
tion if the interdivisionsl capacities were estimated by & rail
specialist, and could then enter more realistically into the pro-
hlem than they could 1if segments of track or through lines vere
the baslc units,

It must he recognlized that detailed irtelligence informatlon
is not always svallable for estimating Iinterdivisional capacities,
particularly under wartime condlitions, Furthermore, the proposed
method Wwould require modification to deal wit'\ cases where thore
is rapid day-to-day fluctumtlion in interdivisional capacities,

It 1s believed that, given appropriate data, such modifications

SO
aould be performed,
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V. STUDY OF %1l BAST-WEST TRAFFIC CAPACITY OF I NRTWORK

STATEMENT OF THE PROBLEM

The use of the proposed method will now be Illustrated by

determining traffic pastterns that will produce the maximm east-

west (mllitary) tonnage* in the reil network discussed in the

preceding seciion. In order Lo show the flexibility of the method,

the problem is worked under iLhree separate sels of assumptions:

le

5.

The entive network is availasble for easb-west

traffic, .

Part of the network capacity is reserved for eco-

nomic or other purposes and is upavailsble for

eagt-west traffic,

Certain divisions are completely inoperative,

These assumptions are arbitrary, and are intended merely

to be illustrative,

The results, discussed below, are shown in Figs. 7, 8, and

% In each of these figures, numbers in boxes represent capaci-

tles In thousonds of tons each way per day, These numbers cor-

respond to the traiu capacities shown in Fig., 5. Numbers above

the boxes arce the required flow, in thousends of tons daily, of

wastbound 4r

afflc, moving in the direction of the arrows. bxcept

&l origine nnd destinations, the westbound traffilc entering cach

division is equal to the amounl leaviug; also in each case un

*
Whather this could be consldered ''military'' tommage

would depend on the loading factors for the types of supplice

involved, For convanionco, the iy
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equivalent number of ewstbound trains move in the direction

opposite that of the arrow. A balanced flow is thereby attained,

RECULTE

1. It is assumed that the entire network is avoilable for

east-west (military) traffic; no allowance is made for civilian

traffic, (See Fig. T7.)

The origine were arbitrarily selected as shown in Fig. 7.
{Roumania is one of the origins, aslthough its full outbound capa-
city is not used.) Destinations were selected as certain divi-
slons in Poland, Czechoglovakia, and Austria, for reasons dis-
cussed below,

A maximum of 163,000 tons per day can be delivered from

origine to destinations by mesns of the pattern shown in Fig. 7.

The bottleneck that limits the capacity to this amount is
ghown by the dashed line ¥-Y,

Remarks on 1. If destinations in Germsny were chosen, the
maximm amount deliverable would be only 152,000 tons per day
pecauge of & botlleneck at the Oder River. This bottleneck is not
shown by & separate dashed line 1n Fig. 7. The same pattern which
delivers 16%,000 fons to the priwsary destinntivss will deliver
152,000 tong o Germany, but the excess tonmage entering Poland
must of cowrse be disposed of. This has been dons in Fig. 7 by
srbitrarily disposing of an cxcass of 11,000 song per day al
pivision 9 in Poland (marked 11X). “he boltlensck »t the Oder

do2s not heve wuch practical signiiticance as long as the bridges
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there are funchiouing, pertly decauss Lhe rond nel in tivs aven
is relatively good, and parily bocezuse, in a large eagt-wegl
movewent, wach of the tonnoage would be dropped off to renr wnlts
vefcre reachlng the CGder,

When the entire network is made available for cast-vest
traffic, such movemont does nol ulilize all the east-west capa~
citles except in the divieions whose territories are crossed by
the Lline X-¥. Actvally the traliic pattern portrayed utilizes

approximately only 75 percent of the Polish, Rowmniaon, Hungarian
H

and Czech capacity aad only 38 percent of the Western Russien

capacity., There are two reasons for this condition, First, much
of the network lends itsell to north-south iralfic and thus dove-
tails with the present normal interior economy of the territory
concerned, since military considerations initiaily ovictuted the
coustruction of the rail lines., Secondly, some surplus copacity
appears in that part of' the east-west pattern which is not limited
by the bottleneck.

2. 1t is asgsumed that the UsbR requives (for economic or

other reasons) that in no instance will amllitery sost-westi Lraf-

I'ic exceed %0 percent of an interdivisioual capacity inside ‘he

UCTR, o 7S p af an 1ol capacity in 2 setlcllite
country. {es Fig. 8.)
Bt S

wy engt-weat tyaffic in this

~y. R oteaflic pattern that delivers this

P N X 20 P i Y s T PRy 1= N .
L& SLOWnR Lo Cag, b, Whilolh aliso showe Lo
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This Tlow resulis In the use of 21 percent of the capacity in
western USGR and %0 percent in the satellites,

5. It ls assumed that certaln divisions are coupletely

inoperative (indicated by haiched lincs through the capaeity

boxes in Fig, 9). Otherwise the full capacity is available, with

no allowance for civilisn traffic,

A different set of origins was used for this exmmple, The
oattern Jas carried only as far as Divislons 1 and & in Poland.
From these divisions there is sufficient capaeity for further
vestiward movement.,

In this case, 103,000 tone dally can be delivered. The

Appendix shovs in detail how the traffic pattern of Fig. O was

worked out,

LOCOMOTTIVY AND ROTLING 5TOCK REQUIREMERTS

In the above discusslon it was tacitly essumed thai there
are sufficient locomotlves and rolllng stock to realize the indi-
ecated traffic patterns, It 1s not difficult to celcoulate the loco-
motive and rolling~-stock requirements for these putterns, given the
appropriate data on requlrements per ton-mils, It is also pogsidble
to apply methods similar Lo those discussed in Refs. 1«9 te vork
vul patterns which minimize rolling stock requirensnts for deliverw
ing & given tommage, or which maximize tonnage delivered with a
Tixed amount of roiling siock.

Ohviously, the use of such equipment would reduce other USSR

2

traffic unles

%

3 current CIA reports (which indicate a general shor-

tege of such items) sre in ervor,

T T
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METHODS

Several methods have been proposed for establishing traffic
patterns in petworks, Descriptions rad related diseussion can be
found in Refs. 1-5, These methods do not require elmborate com-
putatione and can be performed by a relatively untrained person;
hence variatioms in the assumptions can readily be handled,.

It ig felt that no purpose would be served alt the present
time by suggesting one rather than another of these methods for
use. The criterion fof usefulness will be the ability to handle
more complex problems,

The patterns in Figs. 7, 8, :nd 9 were determined by using
the f'flooding methed'! of Ref, 1; thie appears quite suiltable,

An illustration of the use of this method is given in the Appendix,

DISCUSSION

Certain assunptions that have entered implicitly or explicitly
into the preceding itreatment will now be discussed,

1, It hag been asssumed that the interdivigional capucities
do not vary rapidly in time, Thir seems A reosonable approximation
for peacetime operations, In wartime, rapld variations would have
to be considered, As mentioned earlier, it ls believed that the
method can be developed to cover such cases, The situation will
then be more complex, and to deal with 1t at all would seen %o
require some method, of aggregation such ss the division method,

2. It hae been assumed that the number of trains 3aily ihat

a divislon A can pass to 2 division 3 is independent of wbat A passeg
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to any third division C. It was pointed out in Sec. IV that
capacities are to some extent determined by the capabllities of
the division as a whole rather than by individual line capaci-
tieg, Therefore it is possible that A could pass somevhat more
than the nerwal amount of traffic to B If it restricted traffic
to ¢. Similarly, maximum use of some lines from A to B might
interfere with traffic to C because of coincidence of some of
the lines inside A,

1% would require further study to determine the importance
of this effect. The method of this paper could be modified to
take it into account; or if the method is used in its present
form, the solution can be examined and appropriately modified
to take account of the above effect.

3. Total tonnage from all origins to all destinationsg hag
bheen adopted as the criterion, without distinction of types of
suppliesg,

The destinations wsed in Pigs, 7 and 8 have good lateral
rail and road conmections, sc that it appears reasonsble to con-
sider the total amount received. However, individusl orlgins
or destinations can be considered, especislly if it is desired
to take speciel categories of supplies intc account, As an
example, irn Figs, 7 and 8 Roumanis may be considered as origine-
ting POL. (The outbound low 1z greater then the Roumanisn rate
of POL production, but storage could mske up the difference Ter

aths,) IF desired, the Tiow of thile FOL can then be

n peo




tracad through the network to the destinations. There are
peveral possible routings of the POL that are conslstent with

the *ralfic patterns indicated,

e
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THY FLOODING TECHNIQUE

This Appendix illustrates how a traffic pattern for a maximnl
flow in a8 rell network can be determined by making use of the
division-to-division capacity model discussed in the preceding
text,

The method illustrated here (see ¥igs, 10-13) is the ''flooding
technique,'' which 1s more fully described in Ref, 1. It can happen
(although not often in applications) that a single application of
the method does not produce the maximum flow, However, 1t is easy
to chack whether the maximum flow has been obtmined. If not, appro-
priste modifications can be made., It is believed that the method,
with common sense modifications indicated by individusl problems,
is adequate for networks occurring in practice, of the approximate
size considered in this paper. Methods which are mathematlcally
guaranteed to produce the maximum flow can be found im Refs. 3 and U,
The methods discussed in these references are closely related to
linear progremming techniques,

In order to illustrate the application of the procedure, the

1. Division-to-division capacities are as indicated in
the boxes in Figs. 10-13%, except that USSK divisions
25 and 51 and the Rowmnian rvailweye sre asgunsd

nonoperative (for cxample isolated by rall cuts).
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The capecliies used are the same as in Figs. 7

and 8.

no

gources of supplies (or origins) are Divisions 8
and 10 in Russis,

3. To simplify the exposition, destinetions will be
taken as Divisions 1 and 4 in Poland. (Other
Satellite divisions can be reached only through
these, in the present setup.)

Figs. 10-13 are work sheets showing how the
maximal flow is determineds the final outcome has
already been shown 1n Fig, 9. With a little prac-
tice the work can all be done on a single sheet,

and some of the steps can be telescoped.

Step 1 (see Fig. 10}. The first step is to ''forward'' from
each origin the meximmm possible outbound flow, Thus 10 units*
are sent from Division 10 to Division 7, 34 from 10 to &, and 30
from 10 to 1k, (A 1little thought indicates that there is no
point in sending anything to 9, 11, or 12, Possible use of llack
Ses transportation is not considered here,) From the origin at 8,
50 vaite are sent to 7. If the procedure were followed literally,
16 units would also be sent from 8 to 52, However, the only exit
from 52 iz by vway of 7, Hence, the maxlmm amount of % units is

pushed from 3 to 7 by way of 2. The patiern has now been pushed

The unlt can be any couvenient Quspoity; here it 1is taken as
1,000 tons net.
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ag far as the '*'first stege divisions,'' which are marked (::):
oivisions 6, 7, and 14, At the end of Step 1 the situation is
then as indicated in Fig. 10.

Step 2 (Fig, 11). Forward as much as possible from the first-
stage divlisions., In doing this, the guilding prineipls, here and
st later steps, is to forward from the first-stage divisions in
the order of increasing forwarding capacities.* (Individual
situations may indicate modifications of this procedure.) 7The
total forwarding capeclty for Division 6 is 68, for Division T is
72, and for Division 14 is zerc (there is no point in going to
Division 13). Since nothing can be sent forward from 1k, the
procedure is to zend as much as possible to ancther Stoge 1 divi-
sion, g0 24 units are sent to 5. This im all that can be shipped
out of 14, so there is au excess of 6 units (marked 6X) at Division
b,

Division 6 is next in order; it now hac a total of 58 units
entering; 16 units ere sent +o UE ond 42 to 5, obtaining & balance
at 6. At this stage, some judgment was used; had 52 units been
sent to 5 and only 6 to IR, a readjustment would have been neces-
aary af{ 8 later gtage.

Next, Division 7 is conaidered; 1t has AL wnits eptaring: 3h
units sre sent to Division 50, and 30 to Divieion 5. The second-
stage divisions 50, 5, and WB have now been reached and the gitus-

tion iz showr in Pig, 11,

*
P'Rorvarding capacity®! meeng capecity to divisions which
have not yet been reached,
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Step 3 (Fig. 12). Porward uniis from the second-stage

divisions, First 16 units are sent from LE to W, achisving

a balance at 4E. raxt 17 units are sent from 50 %o 4 Poland
and 17 units from 50 to 49, Finally 12 units arc sent from 5
to 49 and 41 from 5 to ¥, The situation is then as shown in
Fig. 12. Division 5 is marked 19X, since 72 units enter and
only 53 can leave,

Step I (Fig. 13). Units are forvarded to fourth-stage
divisions; then it is casy to forward sll wnits through to the
Zestinaticus, as shuwn in ¥Fig, 15,

Final Otep. Remove the excess flow at Divisions 5 and 1k,

gs This can be done in s number of ways by simply subtracting out
the extra flow. A completed pottern ig shown in Iig. 9. In
this pattern the arrows indicate only the direction of traffic
bound for the destinations; to achieve a balanced flow, each
link carries an equal nuber of returaning trains in the opposite
direction.

The fact that thae flow achieved in Fig. 9 is maxiwai can be
recognized by the fact that the links 6-LE, 5-47, 5-49, and 7-50

are each completely saturated with traffic from east to west,

and removal of these links completely severs the origins from
the destinations. It can be shown {see, for exsmple, Ref. 2)
that when the flow is maxiuml there is always such s set of

gseturated links,

s
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